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Summary

The North American drought in the summer of 1988 was one of the worst

droughts of the last 50 years. The rainfall was 50 to 85 percent below normal in
areas of the Midwest, northern Plains and Rockies. This drought caused an
estimated $40 billion in damages in the United States, as a result of damaged

crops, reduced river flow, widespread forest fires and record high surface
temperatures. The primary cause of this drought has previously been identified as
abnormally cool ocean temperatures over the eastern Pacific Ocean, called a "La
Nina" (the opposite counterpart to the well-known E1 Nino). However, despite
the use of observed ocean temperatures from 1988, this drought has not been well

reproduced by any global-scale climate model. The GEOS model at GSFC did
simulate some of the features of a drought over North America, but the

accompanying circulation was not so well simulated, leading one to infer that the
model had simulated the drought for the wrong reason. To isolate the causes for
this remarkable circulation, wind, soil moisture, and vegetation data, taken from a
blend of satellite observations and data analysis, were used to steer the model to

yield a better prediction. This study found that many of the models' deficiencies
result from wind biases that are carried into North America from surroundings

regions. This is not an unexpected result because weather and climate have global
connectivity, and model errors tend to propagate from one region to another.
Through such errors in the wind, the transports of heat and moisture into the
North American region were changed. This study also found that the model is

improved more through the use of soil moisture data than by vegetation data. In
this way, we have understood what aspects of the simulation lead to what type of

prediction errors.
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On Simulating the mid-western-US Drought of 1988 with GEOS-2 GCM

ABSTRACT

The primary cause of the midwestem North American drought in the summer of 1988 has been

identified to be the La Nina SST anomalies. Yet with the SST anomalies prescribed, this ohought

has not been simulated satisfactorily by any general circulation model. Seven simulation-

experiments, each containing an ensemble of 4-sets of simulations, were conducted with the

GEOS GCM for both 1987 and 1988. All simulations started from January 1 and continued

through the end of August. In the first baseline case, Case 1, only the SST anomalies an6 some

vegetation parameters were prescribed, while everything else (such as soil moisture, snow-cover,

and clouds) was interactive. The GCM did produce some of the circulation features of a drought

over North America, but they could only be identified on the planetary scales. The 1988 minus

1987 precipitation differences show that the GCM was successful in simulating reduced

precipitation in the mid-west, but the accompanying circulation anomalies were not well

simulated, leading one to infer that the GCM has simulated the drought for the wrong reason. To

isolate the causes for this unremarkable circulation, analyzed winds and soil moisture were

prescribed in Case 2 and Case 3 as continuous updates by direct replacement of the GCM-

predicted fields. These cases show that a large number of simulation biases emanate from wind

biases that are carried into the North American region from surroundings regions. Inclusion of

soil moisture also helps to ameliorate the strong feedback, perhaps even stronger than that of the

real atmosphere, between soil moisture and precipitation. Case 2 simulated one type of surface

temperature anomaly pattern, whereas Case 3 with the prescribed soil moisture produced another.



In the combinedcase,Case4, the two patternsmergedand producedsomewhatmore realistic

evapotranspirationandprecipitationpatterns.

Case5 hadno soil moistureandwindsupdatesinsidea NorthAmericanregion,but with these

updatesoutsidethis region. Thesimulationin Case5 is verysimilar to CaseC4, andshowsthat

manyof the local simulationerrorsoriginateoutsidethe NorthAmericanregion. This is not an

unexpectedresultbecauseif weatherandclimatehaveglobalconnectivity,errorswill propagate;

however,sucha largeconnectivityat a seasonalscaleis a newresult. Oneexpectsit would not

be too differentfor otherstate-of-the-artclimatemodels.

Cases6 and7 werebuilt onCase5, with theadditionof correctandopposite-yearvegetationdata

from ISLSCP, respectively. The resultsshow that the model is unableto reveal discernible

improvementin the correctvegetationsimulationsfor the droughtyear. Onecanconcludethat

the soil moisturegovernstheoutcomeof the land-atmospherefeedbackinteractionmuchmore

than the vegetationparameters.Clearly,vegetationandsoil moisturego together,but if thesoil

moistureeffectdominates,thenits biaseswouldmasktheinfluenceof correctedvegetation.

The authorsarguethat model biasesstrongly influencethe predictionerrors. Throughwind-

errors,they changethe transportsof heatand moistureinto the North Americanregion. When

winds were prescribedfrom analysisof observationsoutside the chosenregion, the model

produceda muchbetterJJA droughtascomparedto thecontrol, andit remainedalmostasgood

asthe onein whichwinds andsoil moisturewereprescribedeverywhere.Thisshowsthatbiases

in circulationandadvectivetransportspropagateandstronglycontributeto thesimulationbiases.

1. Introduction



The Goddard Laboratory for Atmospheres has a well-documented state-of-the-art general

circulation model (GCM) called the GEOS GCM (Conaty et al., 2001) that is usually run with

coupled land and prescribed sea-surface temperatures. A climate version with only 20-sigma

layers in the vertical and several physics upgrades is used at the Climate and Radiation Branch

(CRB) of the Laboratory for Atmospheres. Specifically, the CRB version of the GEOS GCM

employs a Simplified version of the Simple Biosphere Model (SSiB, Xue et al., 1991) for land

processes that is further modified with snow physics package developed by Mocko and Sud

(2001). The cloud physics consisting of Microphysics of Clouds with Relaxed Arakawa-

Schubert (McRAS) due to Sud and Walker (1999a&b) handles all moist processes. Such a

model simulates climate, climate change, and its biogeophysical consequences consistently even

if it does not capture all of the features of a specific climatic episode under investigation. Thus,

in interpreting a model's forecast, its realism is often an issue whereas its internal consistency is

not. There can be several causes for a model's failure to accurately simulate an observed climatic

episode. Among them are coarse resolution, simplifications in the representation of atmospheric

physics (the primary cause of intrinsic model deficiencies particularly due to parameterizations),

and natural variability of the actual as well as observed climate system. The natural variability of

climate is a major source of unpredictability. Consequently, one must view observations as a

single realization amongst a host of possible climate pathways in nature that a particular initial

state might have produced. Regardless, as research tools, Earth-system models can help us

understand and discern the roles of coupled land-atmosphere-ocean interactions in maintaining

and modulating the evolving climate of the Earth, which includes major hydrological events such

as droughts and floods.

The drought of the summer of 1988 over the mid-western United States was a major North

American drought. This drought persisted over the agricultural region of the Great Plains during



the springandearlysummer,andhadadevastatingeffectoncrop-yieldsin themid-westaswell

as the US economyas a whole (Trenberthand Branstator,1992). Its catastrophicfeatures

included: i) 50-85%below normal precipitationin the midwesternNorth America, Northern

Plains, and Rockies;ii) record high surfacetemperatures;widespreadforest fires that burnt

nearly 4.1 million acresof forestsby mid-autumn;iii) recordlow Mississippi river discharge

(40% of normal in mid-June1988);andiv) a totalestimatedeconomiclossof roughly40 billion

dollars. On thebasisof this data,thedroughtof 1988turnedout to be theworst droughtin the

last40years. It wasaccompaniedby surfaceflux-anomalieson theorderof about60W m-2,and

yet it is this droughtthat the GCMsof our timesoften fail to simulate. Landfeedbackssuchas

surfacealbedo(SudandMolod, 1988),soil moisture(Dirmeyer1999),andvegetationvariations

(Sudet al., 1993,1995)havebeenshownto produceapositivefeedbackonadroughtcirculation

andrainfall; however,theydo not helpmuchin explainingor understandingtransientdroughts.

Somesuccesseswith regionalmodelsrunwith observedlateraldatahavebeendocumented(e.g.,

Giorgi et al., 1996;Hong andPan,2000;JenkinsandBarron,2000),but the questionremains:

how doesoneobtainreliablelateralforcingdatato predictsuchadrought?

With every major model improvementof the GEOS GCM (and its earlier versions), we

attemptedto simulatethe North American summer drought of 1988, but thus far have had only

limited success (e.g., Mocko et al., 1999). Naturally, these failures have provided a daunting

challenge to really determine whether it is the model, or boundary forcings like soil moisture, or

the hard-to-simulate pathway that the climate system chose. Is the soil moisture, or the model's

biases, or remote forcing errors, or poor representation of convection the key contributing factor?

After nearly a 14-year time-gap, we are still expecting to find a good explanation for the colossal

lack of predictability of this drought. It would be interesting to determine what is missing in the

model and how various aspects of model deficiencies might interact with each other to cause the



model to not simulatethedrought. In this study,weshallexplorethekeyobservationalfeatures

of thedroughtof 1988andtheprimaryreasonsfor lackof (or limited) successin simulatingit.

The ClimateAnalysisCenterat NationalCenterfor EnvironmentalPrediction(NCEP,formerly,

National MeteorologicalCenter,NMC) producedthe following schematicpicture (Fig. 1) to

highlight somekey dynamic featuresof the drought of 1988. It shows how the drought

perpetuated. The jet streamin the mid-west was locatedfar north of its normal position in

associationwith an anomalousridge of high pressurein the northern plains. This led to

northwardtransportof moist air massesalong the WestCoastof North America making the

regionrainy and damp. In addition,thehigh-pressuresystemover the GreatPlainscausedthe

low-level jet (normally bringing the Gulf moisture into the GreatPlains region) to weaken,

therebyshuttingoff themoisturesupplyte theregion. In fact, this low-level jet is so important

that in all the other recentdroughtsover the mid-westNorth America,e.g., summerof 2000,

weakeningof the low-leveljet producingareductionin moisturetransportwasakey factorin the

production/maintenanceof thedroughts. The accompanyingsea-levelpressurepicturefor June-

July-August(JJA) of 1988minus 1987(Fig. 2) showshigh pressureoverCanadawasprimarily

responsiblefor bringing in dry air from the north. Togetherwith a cycloneover the Northern

Rockiesandananticycloneto its south,onenotesa weakeningof the low-level jet. In this way,

the low-level jet carrying moistureladen low-level Gulf air was replacedwith dry air from

Northern Canada. This scenariowould naturally lead to a drought. The drought of 1988

persistedthroughthe early summerandthen startedto fadeawayin the late summerwhenthe

low-level jet strengthenedagainandcopiousrainsreturnedto theregion. Furtheranalysisof the

physical processesof the drought can be found in Trenberthand Guillemot (1996). The

normalizeddifferencevegetationindex (NDVI) analysis(Fig. 3a) identifies the droughtregion

alongthelow-level circulationof dry airmasstransportsfrom Canada.This circulationproduces
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moisturedivergenceanddrying in thedroughtregion. Thedroughthadits greatestimpactin the

northernGreatPlains. It intensifiedoverthenorthernGreatPlainsandspreadacrossmuchof the

easternhalf of theUnited Stateswith total precipitationfor April throughJuneof 1988being

lower than the DustBowl period. The summerof 1988is well known for the extensiveforest

fires thatburnedacrosswesternNorthAmerica,including thecatastrophicYellowstonefire. In

addition to dry conditions, heat waves during the summerof 1988 broke long-standing

temperaturerecordsin manymid-westernandnortheasternmetropolitanareas.

Becausethe mid-westerndroughtof summer1988wasassociatedwith a cold SSTEvent over

theTropical Oceans,popularlycalledLa Nina,it is naturalto exploreits link to the drought. A

40 yearsdataset(1947-1986)from COAPS analysis (Sittel, 1994) was examined. It has

identifiedGreatPlainsregionsto besusceptibleto warming/droughtsin associationwith cold La

Nina episodes(Figure 4). Castroet al. (2001)examinedthe NCEP-NCAR reanalysis(1948-

1998)andshowedthatLa Nina conditionstendto shortenthespringseasonrainfall in the Great

Plainsandleadto drier early-summerconditions. Suchevaluationsof climatic variablesof the

NorthernHemisphereasa wholediscernthesequenceof phasesduringtheENSOcycles. Some

applicationsof this investigationcould be usedin preparationfor ENSO-relateddrought and

forestfires aswell asprovidedifferentialguidancefor GCMsto bettersimulatethekey features

of the observedclimatic episodes. In otherwords,if E1Nino/La Nina anomalyis all one can

hopeto simulatein advance,thenthe mostonecanexpectis to simulatethecirculation features

relatedto it. Also, onecanbenefitfrom a similaranalysisof otherforcing datasetssuchassoil

moisture,snow/icecover,andvegetation.

The NDVI anomalyduring the spring and summerof 1988 in the ISLSCP Initiative I data

(Meeson et al., 1995) identifies the drought regions (Fig. 3b) experiencing a reduction. In this
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way, the drought of 1988providesa remarkableresemblancewith thesemodes. This would

suggestthat the SSTanomalyof 1988had a causalinfluenceon the productionof the Great

Plainsdrought. For simulatingthe influenceof theseinteractions,observedSSTanomaliescan

beprovidedto themodel. If SSTswereimportant,a modelof somereasonablecredibility must

simulatethe drought. The otherforcingparameterimplicatedin someotherstudies(Karl et al.,

1993)is the reducedwinter snowcover in the NorthernRockyMountainsleadingto low soil

moisture and reducedMississippi river flow with reducedirrigation and evapotranspiration

accompanyingit. Onecanhopeto capturesomeof theseinitialization(s)throughsoil moisture

andsnow coveranalysisproducedunderthe Global Soil WetnessProject(GSWP,Dirmeyeret

al., 1999),while the influenceof thevegetationdroughtfeedbackcanbeassessedby comparing

drought versusnon-droughteffectsusing observedvegetationdata. In this way, the GEOS

modelcanbettercapturetheinfluenceof realisticsoil moisture.Atlaset al. (1993)usedtheGLA

GCM to showthatprescribingobservedtropical SSTanomaliesandestimatedGreatPlainssoil

moistureanomaliesgreatlyimprovedthe 1988U.S.droughtsimulation. In this paper,we also

draw upon wind initialization using the analysisof observationsproducedwith the GEOS 1

versionof theDAO-DAS (Schubertet al., 1993). Presumably,therecentmodelimprovementsin

the land hydrology/snowandprecipitationprocessescanbeexpectedto bettersimulatethe 1988

drought. In addition,useof theanalyzeddatato betterinitialize themodelcansuggestpotential

benefits of observationsto improve simulation skills. Thesetools and datasetsprovided the

ultimate motivation for this attemptto simulatethe mid-westernNorth Americandrought of

summerof 1988.

Section2 belowdescribesthemodelusedin this study. Thedesignof theexperimentis detailed

in Section 3. Simulationresultsand analysisarepresentedin Section4, and discussionand

conclusionsarefoundin Section5.



2. Model Description

The version of the GEOS GCM employed in this study had a 2 deg. (lat) X 2.5 deg. (long.) X 20-

sigma layer resolution. The three key modules of the model are hydrodynamics, atmospheric

physics including clouds and radiation, and Earth-Atmosphere interactions including air-sea

interaction, biosphere, and hydrology. The hydrodynamics are on a C-grid (Takacs et al., 1994)

with sigma layers in the vertical. This hydrodynamics has appropriate filters to eliminate 2-Ax

modes of the dynamical atmosphere and topography (that would generate them) and the pole-

problems. The recent developmental history of the model includes some major refinements and

upgrades to its physical processes such as radiation and new biospheric and boundary layer

parameterizations, as well as substantially higher horizontal and vertical resolution than used

here. Other key features of the GEOS GCM are: i) the ability to perform coordinate translation

and rotation with a proviso for relocating the mathematical poles to any arbitrary location (not

used in this investigation); and ii) inclusion of a gravity-wave drag parameterization due to Zhou

et al. (1996). Its land surface model is the so-called HY-SSiB (SSiB upgraded with hydrology

and snow physics, Sud and Mocko, 1999 and Mocko and Sud, 2001). The convective

parameterization of the GCM is the Microphysics of clouds with Relaxed Arakawa-Schubert

Scheme (McRAS, Sud and Walker, 1999a&b). These packages were summarized in a recent

paper by Sud et al. (2002). The cloud-ice fraction is diagnosed as a linear function of

temperature - it is zero at 253.15K and grows to unity at 233.15K. When both ice and water

clouds coexist, the optical thickness of the mixture is the sum of the mass fraction weighted

optical thickness of both cloud-species. The boundary-layer scheme for turbulent transport is by

Helfand and Lebraga (1988). The radiation package of McRAS is due to Chou and Suarez

(1994) with a provision for handling prognostic clouds and incloud water and ice fractions (Chou

et al., 1998 & 1999). The radiation is not too different from that of the original version of the

GEOS GCM, except for a revised calculation for the optical thickness of clouds for short and
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longwaveradiation. For a moredetaileddescriptionof different modules and parameterizations,

the reader may refer to the original papers given as references.

In addition to running the model with interactive physics and full dynamical responses of all the

prognostic variables, the wind and/or soil moisture analysis data was inserted into the model for

several cases. The wind data was taken from the DAO analysis produced at the same resolution

and virtually using the same model. Additionally, analyzed soil moisture data, which was

produced in a GSWP-like manner using the offline HY-SSiB model at the same 2.0 deg. x 2.5

deg. The soil moisture data is available at three levels: surface (diurnal) layer, root zone

(seasonal), and deep (recharge) level. The insertion of analyzed data is done in a straight-forward

way using a direct insertion approach, i.e., simply replacing the simulated fields with the

analyzed one at the appropriate time interval at which the analyzed data were available. The final

two cases in this study used ISLSCP vegetation parameter data, in place of the GCM's vegetation

climatology.

3. Design of the Experiment

It is well known that most GCMs have been unsuccessful in simulating the 1988-summer (June-

July-August, JJA) drought over North America. According to Lau's hypothesis and data analysis

(2001), it is partly because most scientists emphasize only the tropical sea-surface temperature

anomalies; they often prescribe tropical anomalies as Nino 1, 2, and 3 to influence the climatic

response in model simulations; they often ignore the influence of ocean-atmosphere interaction at

higher latitudes as small and inconsequential. This is not an issue in this study because we

prescribe the observed SST everywhere. In all our simulation experiments, the best estimates of

the observed SSTs were used. Moreover, we specifically designed our simulation experiments to
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differentially discernthe influenceof local, internaldynamical,andlarge-scaleexternalforcings

on themodel-simulatedcirculationandrainfall. We haveconductedsevensetsof simulationsas

describedbelow.

1) Case 1 (C1): a free-running model integration with prescribed SSTs, while everything else

was fully interactive and prognostic;

2) Case 2 (C2): model integrations ingesting analyzed winds in which simulated wind fields

were replaced with those of DAO-analyzed winds at 6 hr intervals at all grid points;

3) Case 3 (C3): model integrations ingesting analyzed soil moisture in which the simulated

soil moisture fields were replaced by the analyzed soil moisture once a day at all grid

points;

4) Case 4 (C4): model integrations which ingested both analyzed winds and soil moisture

following the practice in C2 and C3;

5) Case 5 (C5): model integrations similar to C4, but with analyzed fields ingested only

outside the limited area region shown in Figure 5; the figure also shows the La Nina cool

anomaly over the tropical Pacific in 1988, as well as the warmer surface temperatures over

North America in the GEOS 1 reanalysis.

6) Case 6 (C6): model integrations in which C5 was modified with additional insertion of

observed vegetation parameters (vegetation cover fraction, greenness, leaf area index,

surface albedo) from the ISLSCP data (as opposed to the GCM's climatological vegetation

data) within the region of study;

7) Case 7 (C7): model integrations in which C6 was updated with insertions of the opposite
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year'svegetationdata,i.e., 1988LAI wasusedfor the 1987simulationandviceversa.

Eachcasecontainedanensembleof four simulationsthat startedfrom four consecutivedaysof

December30, 31, 1986,January1, 2, 00Z of 1987;andDecember30, 31, 1987,January1, 2,

00Z of 1988. Eachsimulationwasexaminedfrom 1 Juneto 31Augustperiodsof 1987and

1988,respectively.In highlyconstrainedsimulations,suchasC2 in whichsimulatedwindswere

replacedwith the analyzed,the intra-ensemblevariability wassmall asexpectedand asseenin

the analysisof modeloutput. For eachsimulation,the initial conditionsof theatmospherewere

interpolatedfrom ECMWF analysis,whereassoil moistureandsnowcoverweretakenfrom the

GSWP-styleoffline HY-SSiBanalysis(SudandMocko, 1999). In all cases,the SST(prescribed

as monthly data) was interpolatedto producea slowly-varying daily SST using a linear

interpolation. Therefore,C1simulationsreally representthemodel'sresponseto SSTanomalies

(warm episodeof 1987andcold episodeof 1988),plussomeinfluenceof theinitial soil moisture

andsnowcoverprescribedatthebeginningof theyear. If themodelwerea perfectsimulatorof

the Earth-Atmospheresystem,one would expect the soil moisture to evolve realistically.

However,this hasnot beenachievedin anysimulationthusfar andwe believeit relatesto the

unpredictabilityof weatheron suchlongtimescales,whichaffectsbothrainfall episodesandsoil

moisture. As a result,wedid notexpectthecurrentsimulationto significantlyimproveuponthe

model'sinability to simulatethecorrectlandsurfaceboundaryforcingsfor thedroughtof 1988.

Indeed,wewerepleasantlysurprisedto find that themodeldid pickup somelarge-scalefeatures

(discussedin Section4) of thecirculationthatreflect theexistenceof thedroughtof 1988asseen

in the 1988minus 1987JJA differences.CaseC2 constraintsthemoisturetransportbut not the

convergence,which is largelydeterminedby theheatingfields generatedby themodel'sphysics.

Sincethe soil moistureis animportantforcing thatis cruciallyaffectedby theprecipitationandis

the first feedbackthat showslargebiasesin responseto erroneousprecipitation,we decidedto
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provide the soil moisture from the HY-SSiB integration in Case C3. Thus, Case C3 generated a

set of simulations for 1987 and 1988 in which everything was same as in Case C1, except that

the soil moisture was updated on a daily basis. Since these two insertions had a beneficial

improvement, we replaced both winds and soil moisture with the analysis data in Case C4. We

expect that if slowly-varying boundary forcings have some value, this case, with all the correct

forcings invoked, would produce a better forecast than each of the other three: C1, C2 and C3.

Subsequently, we ran Case C5 to examine the influence of replacing soil moisture and wind

outside the limited area region, and using ISLSCP vegetation data from the correct and wrong

years in Cases C6 and C7, respectively to find out how the biosphere feedbacks on the hydrologic

cycle. These simulations helped us to discern: i) the factors that influenced the drought of the

summer of 1988; ii) the influence of wind and soil moisture biases; iii) the influence of the wind

and soil moisture biases that convey into the region from outside; and iv) the advantage of using

observed as opposed to the climatological biosphere. We shall describe the results in the next

section.

4. Results

We will describe each of the seven simulations while comparing them with one another and

evaluating them vis-h-vis the analyzed data, so-called best estimate of observations. All of the

analysis in Figures 7 through 12 will be shown for time-averaged June-July-August (JJA) fields.

Since there were four cases in each set of ensemble-simulations, all results are presented as

ensemble averages unless it is specifically stated to be otherwise.

4.1 Case C1: Control Simulation

Based on the 2.0 deg. X 2.5 deg. horizontal resolution of the GEOS GCM employed for the
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study, we would expect to simulate only the synoptic scale character of circulation changes that

are forced by the observed SST and evolving soil moisture, snow cover and land hydrology

anomalies. Figure 6a shows the 200 hPa streamfunction of 1988 minus 1987 for the JJA period

simulated by the GCM (top panel) vis-a-vis the same fields from analysis of observations

produced by DAO Data Assimilation System (DAS) (bottom panel). Positive (negative)

differences in stream functions over the northern mid-latitudes (tropics) are evident in both plots.

The model simulates a positive streamfunction anomaly over the drought region of North

America (top panel) that has some synoptic scale resemblance with analyzed data for the same

period. The similarity of these large-scale patterns indicates that the model has some skill at

those scales. A similar examination of streamfunction differences between simulated and

analyzed data at the 500 hPa level (Fig. 6b) again shows some resemblance between them. These

two figures suggest that the model should show some skill in prediction of the very large-scales

in C1.

Let us now examine the North American circulation and rainfall. There are large differences

between the model and GPCP rainfall fields (Huffman et al., 1997) as shown in Fig. 7a. The

model simulates a drought in JJA of 1988 in the mid-western to eastern United States with 1-2

mm/day reduction in rainfall while the GPCP analysis has a less widespread reduction. On the

other hand, the observations have many smaller scale details while the GCM does not (and at the

resolution used, it can not be expected to). In comparing the surface to 800 hPa wind fields and

sea-level pressure (Fig. 7b), one finds that the circulation and SLP shown in the form of 1988

minus 1987 differences reveal that the control simulation is unable to simulate the details of the

near-surface circulation and divergences. Consequently, all precipitation pattern and circulation

anomalies are quite different between the model and the analysis of observations. From this, one

infers that whatever drought is simulated in the 1988-1987 rainfall fields, the discernible
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characterof the 1988 minus 1987 circulation does not accompany it. The only influence is the

large-scale control exerted through the observed SSTs, evidenced in the 200 and 500 hPa

anomaly patterns. The model does simulate a drought

evapotranspiration (Fig. 7c) and surface temperature (Fig. 7d).

in 1988 that also affects the

Both of these fields indicate that

the GCM is drier and warmer than observed; most likely, it is a consequence of a positive

feedback between soil moisture and surface temperature. Excessive evapotranspiration is likely

to cause decreasing soil moisture and higher temperatures, particularly in the summer. However,

it would appear that the model does simulate some sort of a large-scale drought in JJA of 1988

with respect to 1987. Such a forecast could be useful, but it has very little scientific value for a

researcher because of the missing details and biases in large-scale anomalies.

4.2 Case C2: Wind-Updated From Analysis

We next examine the influence of local, synoptic scale and collateral errors on the JJA

circulation and rainfall. This is done in the simulation experiments C2 through C7. Case C2

represents a simulation in which the simulated winds are replaced by the observed at 6-h

intervals. Any horizontal wind field has two components: one is divergent and the other is

rotational. The updated winds would alter the rotational part, but the divergent part will be

determined by the model's diabatic heating fields, particularly the temperature (which is not

updated) and its effect on associated divergence. As far as the rotational part is concerned, these

winds do not change much, but help to transport heat and moisture as well as alter the pressure

gradients to establish the geostrophic (vorticity-pressure) relationship. With observed winds, the

model must capture the observed transports while it can modulate its divergences in response to

diabatic heating fields produced by the model's physical interactions. Over a short time-period,

dynamics generally overwhelms the physics; therefore, by inputting observed winds, the
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dynamicsgetsconstrainedeverywhere,whereasthermodynamicshasall the freedomto operate

accordingto themodel'sphysicalparameterizations.

Naturally, theC2simulated1988minus1987precipitationfields (Fig. 8a)andsea-levelpressure

(Fig. 8b) (surfaceto 800 hPamotion fields as prescribed)are in muchbetteragreementwith

observations.Therewasvirtually no differencein anyfields includingprecipitationamongthe

members of the ensembles. The evapotranspirationpatterns (Fig. 8c) also had a strong

resemblanceamongthemembers.Any differences can be either due to soil moisture anomalies,

or radiative forcing or any remaining SSiB deficiencies in the simulation of the entire biosphere

land-hydrology complex. Comparison of differences over the ocean with offline Global Soil

Wetness Project (GSWP) data is not meaningful because GSWP does not apply over the oceans.

The accompanying surface temperature differences (Fig. 8d) are consistent with the

evapotranspiration differences, with somewhat better resemblance to GSWP and GEOS 1

reanalysis fields (Figs. 7c & 7d). Comparison of simulated soil moisture to the GSWP soil

moisture for this case found that the soil moisture was generally drier for C2 than for C1.

Overall, we note that wind errors in the chosen region are responsible for most of the synoptic

scale errors. This suggests that one can benefit substantially by having a forecast system in

which winds are properly initialized or better simulated. This is in agreement with a number of

previous studies (e.g., Atlas et al., 2001) in which importance of winds is considered vital to the

accuracy of forecasts. Any forcing that modulates winds will affect the forecasts.

4.3 Case C3: Soil-Moisture Updates from GSWP Analysis

Instead of winds, here we used the GSWP-analyzed soil moisture, which was performed by

replacement of simulated soil moisture with the offline analysis (add reference) at each grid-point

at 00Z (once a day). A cursory glance at the precipitation, sea-level pressure and surface to 800
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hPawinds, evapotranspirationand surfacetemperaturefields (Figs.9a-d) showsthat it did not

have muchof an impactbeyondmakingthe evapotranspirationanomaliesslightly better than

CaseC1. Themodel'spatternsrepresentacombinationof soil moistureandnetradiativeforcing

and circulation. At leastover thedroughtregions,reducedsoil moisturehasproducedwarmer

temperatureseven thoughthe synopticscalesurfaceto 800 hPacirculation remainedlargely

unaffected.

4.4 Case 4: Both Wind and Soil Moisture Updates

In this simulation, both winds and soil moisture were prescribed from analysis of observations.

Precipitation differences (Fig. 10a) have a much closer resemblance with GPCP rainfall

differences (Fig 7a). As expected, most of the benefits were derived from input of observed

winds. Soil moisture benefits were much smaller. The SLP changes are similar to those of C2

and the influence of analyzed soil moisture in not discemible in the JJA average. However, in

the case of evapotranspiration anomalies (Fig. 10c), the combined simulation is similar to the soil

moisture anomaly simulation C3 (Fig. 9c). This shows that for evapotranspiration, which is a

major component of surface energy partitioned into different surface fluxes, soil moisture must

be more important than the wind. In that way, the current result makes good intuitive sense. A

clear difference is in the surface temperature anomaly patterns. They are similar to the surface

temperature patterns of C3 (Fig. 9d), but the intensity of differences is much reduced and the

values are in better agreement with the analysis. In this way, the use of observed winds helps

transport the air mass and its associated temperature more realistically as compared to the soil

moisture update only, Case C3.

4.5 Case C5: Winds and Soil Moisture Updates Outside LBOX
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Case5 representssimulationswith bothsoil moistureandwind fields updated,but only outside

of theregionof 23-61Nand66-129W(hereafter,theLBOX region). It is a simulationin which

the influence of all external-forcingerrorsin the two chosenfields is removedby having the

influx of energyandwater vaporoutsidethechosenregionto getupdatedwith analyzedwinds

and soil moisture. This in essenceis equivalentto running a regional model with the best

availableinput of humidity andwinds. Therefore,CaseC5 mustbe comparedto C4 andC1.

CaseC5 haslargesimilaritieswith CaseC4 andin somerespectsit is evena bettersimulation

thanall the others. Figure 11a showsthattheprecipitationfield givesabettersimulationof the

magnitudeof the observeddroughtextendingfrom Canadato the north of the Great Lakes

throughWyoming,althoughtheorientationof thedroughtwestof 90Wis somewhatpoorer. The

magnitudesza'e somewhat smaller than that of C4, which is an improvement. The primary mid-

westem drought region has synoptic-scale character, but it is equally well/poorly simulated in

both C4 and C5, i.e., the deficiencies and strengths of both similar. The only difference is that

magnitudes of Case C5 are smaller and are in better agreement with data. The changes in other

areas are unremarkable. In C2 and C4, the circulation was prescribed, but in C5 it is only

prescribed outside the box; consequently, its SLPs (Fig. 1 lb) were degraded as compared to C4

or C2. This implies that model-introduced errors inside the dynamically free box make SLPs

drift away from observations (as expected). The case with prescribed winds and soil moisture

(C4) had very little inter-ensemble variability, whereas Case C5 has much more (although not

nearly as much as C1). This drift is related to the model's freedom to evolve its own circulation

and hydrologic processes in the region. Figure 1 lc shows evapotranspiration anomalies. GSWP

evapotranspiration anomalies (Fig. 7c) are much smaller than that of Cases C4 and C5. In the

higher latitudes, where there is enough soil moisture, the 1987 minus 1988 JJA

evapotranspiration anomalies are not so large, but in the mid-western drought regions they follow
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theobservedprecipitationforcedinitial soil moisturefor CaseC4andsimulatedprecipitationfor

CaseC5. The surfacetemperatureanomalies(Fig. lld) aredependentuponwinds,cloudiness

(affectingsolarradiationreachingthe surfaceaswell asnetoutgoinglongwaveradiation),and

evapotranspiration.Since winds areprescribed,the only remainingdegreesof freedomsare

cloudinessandsoilmoisture,whichproducetheobservedeffects.

4.6 Cases C6 and C7: Same as Case C5 with observed vegetation inside LBOX

In view of a number of sensitivity studies highlighting the importance of biosphere-atmosphere

interaction, here we examine how useful is GEOS model's sensitivity in simulating the drought

circulation. Figure 12a shows that with actual vegetation data, the drought in the mid-west shrank

somewhat more than that of Case C5 as compared to analysis of observations. In addition, the

East Coast of North America was wetter than that of C4, which itself was wetter than rainfall in

GPCP data (Fig. 7a). In this respect, the observed vegetation did not help. In the SLP fields

(Figure 12b), the differences between C5 and C6 are unremarkable. The evapotranspiration

anomalies in Figure 12c mimic rainfall anomalies, suggesting that if one simulates large errors in

the rainfall, the evapotranspiration through soil moisture feedback will change correspondingly

regardless of vegetation parameters. In this simulation many other parameters that are associated

with the modified vegetation could not be realistically altered. However, since the parameters

modified are considered to be the dominant modulators of evapotranspiration, this should not

make much difference. It would be expected that the drought vegetation parameters of C6,

which are less than in C5, will cause less evapotranspiration; however, even this does not happen

because the biospheric feedback interactions are so complex that changing the parameters did not

affect the time-mean rainfall correctly to make much difference to the simulation. On the other

hand, rainier East coast produced higher evapotranspiration and cooler surface temperatures.
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CaseC7 (with oppositeyear'svegetationdata)wasvery similar to C6 asfar asJJA 1988minus

1987 rainfall, SLP and winds from surface to 800 hPa, evapotranspirationand surface

temperatures(Figs.13a-d)showingthatin ourstudy,therewerenodiscernibledifferencesin the

simulationas a consequenceof the corrector incorrectvegetationdatafor 1987and 1988. It

shouldbe evident from the comparisonbetweenC5 and C6, but the C7 simulation helpsto

reinforcethe result,mainly asa resultof the ISLSCPvegetationdata for 1987and 1988being

closerin agreementto eachotherthaneitherwasto thevegetationdatausedin theGEOSGCM's

climatology. Dirmeyer(2000)with theCOLA GCM, which hasessentiallythe sameSSiB, has

shownthat correctsoil moisturehelpsin 1987and1988switchedsimulations;indeed,it doesso

in our casetoo (not shown),but the correctvegetationeffect is really small ascomparedto the

otherparameters.

4.7 Analysis of Individual Cases in the Ensemble

The 1988 minus 1987 JJA precipitation for the four individual ensemble members for Case C1

are shown in Figure 14a. The right two panels of this figure show the mean of the four members

(top) and the GPCP analysis (bottom). For simulations Cl-a and Cl-d, the drought is simulated

mainly over the Midwest and eastern U.S. However, the other two ensemble members simulate a

widespread drought also over the Great Plains across the northern Rockies. This figure

demonstrates both the ability of the GCM to predict a drought six to eight months in advance, as

well as the uncertainty in predicting its location as a result of differing initial atmospheric states.

For Case C4, Figure 14b shows how strongly constrained the precipitation anomaly becomes by

just replacing the simulated wind and soil moisture fields with the analyzed wind and soil

moisture fields. Very minor differences can be noted, but the general pattern of a drought in the

upper Midwest to Great Plains and around the Great Lakes into eastern Canada is virtually
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identicalamongall four ensemblemembersaswell astheGPCPpanel. For CaseC5 (Fig. 14c),

with windsandsoil moistureonly replacedoutsidetheregion,greaterinter-ensembledifferences

arefound,butnot nearlyaslargeasin CaseC1.

The individual ensemblememberswerealsoanalyzedwith a cyclonetrackingroutineof Terry

and Atlas (1996) for JJA for CasesC1, C4, andthe reanalysis(not shown). Resultsfrom the

reanalysisshowedno significantdifferencein the location or frequencyof cyclonesbetween

1987and 1988during this period. Furthermore,almostno cycloneactivity wasidentifiedin the

northernGreatPlainsduring bothyears. Similar resultswerefound for CaseC4, with all four

ensemblemembershavingvery similarcyclonetracks,asaresult of the replacedwinds. In the

control CaseC1,severalcyclonesamongall ensemblememberswerenotedin thisregionduring

bothyears,aswell asconsiderablescatterbetweenindividual members.

4.8 Behavior of Regional Averages

Monthly-averaged precipitation plots for Cases C1-C6 for the Great Plains region of 30-50N and

85-100W for 1988 are shown in Figure 15a. The solid line represents the GPCP data and the

thick dashed line represents the ensemble average for that case. The four thin dashed lines are

the precipitation for each individual ensemble member. For Case C 1, large differences between

ensemble members were produced, but the average shows that on the whole, the GCM failed to

both simulate the strong spring and early summer drying, as well as the late summer return of the

precipitation in this sub-region. The GCM was too wet in the early summer largely due to a

poorly simulated circulation, while it was too dry in the late summer from a positive feedback of

progressively lower soil moisture in this region. For Cases C2 and C4, the strong inter-ensemble

member similarity is again noted, with the addition of soil moisture data in C4 helping to

simulate better late summer precipitation. The soil moisture also had a positive effect on
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simulatedprecipitation in C3. CaseC5 also shows the problem with late summerdrying

affectingthe precipitation,with theensemblemembersbeingmuchmoresimilar to eachother.

Adding the correctvegetationdatain CaseC6 only somewhatreducedtheanomaloushigh early

springprecipitationandlow latesummerprecipitationalsoshownin C5. Figure 15bshowsthe

samedata for 1987with the springand early summerprecipitationdroughtnot found in the

observations.Resultsfrom theGCM aregenerallysimilarto 1988,however,with theadditionof

soil moisturedatahelpingthesimulationof latesummerprecipitation,andthebox regiontightly

constrainingthesimulations,butstill notsimulatingthesituationcorrectly.

Daily-averagedsoil moisturedatafor the lllinois region bounded by 38-41N and 88-92W for

1988 are shown in Figure 16a. Here the solid line represents the soil wetness from the offiine

HY-SSiB analysis forced with the ISLSCP Initiative I data (Sud and Mocko, 1999), which had

been previously shown to well reproduce observations of soil moisture in this region. Again, a

large scatter is evident amongst ensemble members in the control Case C 1. When the winds are

replaced in Case C2, the stronger than observed late summer drying of the soil is seen. The

simulated soil moisture is very close to the observed in Cases C3 and C4 as a result of replacing

soil moisture data daily, but the effect of free-running winds is noted with the numerous soil

moisture spikes in C3 before the 00Z replacement. Cases C5 and C6 agree with previous results,

with a moderate amount of scatter and error. In Figure 16b, the soil moisture feedback error is

further highlighted. In Case C2, the late summer soil moisture is much drier than observed, as

are C 1, C5, and C6.

5. Discussion and Conclusion

As discussed in the Introduction, the drought of 1988 had not been simulated satisfactorily by

any general circulation model. Its physical description, together with the available data analysis
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to-date, shows that its primary cause was the SST anomalies of 1988. In fact, 40 years of data

analysis has isolated the very same regions of North America for the occurrence of droughts in

response to La Nina SST anomalies. Therefore, the JJA 1988 was a very typical drought and one

would expect a GCM to be able to simulate it.

When the SST anomalies were prescribed, the GEOS GCM did produce some of the circulation

features of a drought over North America, but these features could be identified only on the

planetary scales. The 1988 minus 1987 precipitation fields show that the GCM was successful in

simulating a drought for the JJA period with reduced precipitation, but the accompanying

circulation was so poor that one would probably infer that the GCM simulated the drought for the

wrong reason. To isolate the causes for the above behavior, winds and soil moisture were

prescribed from analyses of observations as continuous updates to the simulation. Other fields

such as temperature, humidity, and/or surface pressure could not be used without invoking full

data assimilation. A simple reason is that any large mismatch of incoming and simulated data

must be dealt with special data inconsistency-resolving techniques. If the offline model's snow

cover, for exanaple, does not match that of the new simulation, the huge temperature difference

between the original skin temperature and inserted air temperature after the direct insertion of

data would cause boundary layer fluxes to respond in an outrageous fashion and force the

boundary-layer code to become unstable. Wind fields and soil moisture fields are not as

disruptive and could be easily assimilated by direct replacement either individually or together as

was done for Cases C2 through C4.

Our results show that a large number of simulation biases emanate from wind biases that are

carried into North American region from surroundings areas. When using analyzed winds, the

rotational part of the circulation is prescribed from analysis, whereas the divergent part is
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modulated by the model's physics. With winds prescribed at 6-h intervals, the inter-ensemble

variability of the simulations virtually vanishes. In addition, assimilated winds produce a much

better simulation of both the precipitation and low-level circulation at the model's resolution.

Inclusion of soil moisture also helps to ameliorate the strong feedback, perhaps stronger than that

of the real world, between soil moisture and precipitation that produced too strong precipitation

anomalies in the control case. Whatever remaining differences between the observed and

simulated precipitation and surface temperatures exist, they are caused by errors in the model's

physics which includes the cloud radiation interaction, the precipitation process itself, and the

land-atmosphere interaction. The simulations showed the structure of surface temperature and

precipitation errors in response to winds alone, soil moisture alone, and both. For the case of

prescribed winds, the surface temperature anomalies have one persistent pattern, whereas for the

soil moisture it is another. In the combined case, the two patterns merge and also give somewhat

more realistic evapotranspiration and precipitation patterns.

The cyclone track analysis did not show a meaningful difference between 1987 and 1988 for JJA,

in either the GCM or the reanalysis. These cyclones tend to be weaker and less frequent in the

summer months, and both the observations and model show a strong precipitation deficit in 1988

despite little change in cyclones. Thus, the cyclones likely produced only a small amount of the

precipitation in the Great Plains, which is in agreement with Fritsch et al. (1986) who showed

that mesoscale convective systems (MCSs) account for 30 to 70 percent of the summertime

precipitation. In the current configuration, the GCM is unable to resolve MCSs, and thus we

were unable to examine the strength and frequency of MCSs in this region for both years.

Case C5 with the LBOX region without updating soil moisture and winds inside the region,

while outside the region winds and soil moisture were updated as in Case C4, showed the
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following. CaseC5 is virtually of thesamequalityasCaseC4,andshowsthatmostof the local

simulationerrorsoriginateoutsidetheLBOX region. This is a not-unexpectedresultbecauseif

weather and climate have global connectivity,then any chaotic componentof weatherwill

propagateinto a region suchasLBOX from outside;however,sucha largemagnitudeof this

connectivity,evenon a seasonalscale,is a newresult. Eventhoughwedo not know aboutthe

robustnessof this finding for othermodels,onenaturallyexpectsit wouldnot betoo differentfor

other state-of-the-artclimate models. The new result also reaffirms how and why regional

modelsrun with prescribedlateral transportsfrom dataareable to do a more realistic job of

simulatinga specificphenomenonwhile a globalmodelcontinuesto haveproblems. However,

in the longrun,only afree-runningGCM will enablescientiststo simulateclimatefor thefuture.

In that spirit, this researchis not an end in itself, but helps to provide guidanceas to the

weaknessesof the GCM. Onenaturallywondersif weatheris not deterministicallypredictable

beyond 5-10 days, will its time-mean(climate) also contain a significant componentof

unpredictablyover thethreemonths(June,July,andAugust)beinganalyzed.Thequestionboils

down to finding out if themodel'sbiases,which alsocontributeto the lack of predictability,are

so large asto limit the value of its predictions. On the other hand,the model is not able to

captureanydiscernibleimprovementin simulationswith the correctversusoppositevegetation

parameters.Clearly,vegetationandsoil moisturego together,but if thedominantrole is of soil

moisture,thenits biaseswouldmaskanyplausibleadvantageof usingthecorrectvegetation. In

a similar studyby Dirmeyer(2000),whenonly thecorrectversustheoppositesoil moisturewas

provided, it revealeda discernibleimprovementin responseto correctsoil moisture. The new

resultsshowthatthesoil moisturegovernstheoutcomeof landatmospherefeedbackinteraction

muchmorethanthevegetationparameters.

Themodel'sbiasesin theprescribedsoil moisturesimulationsaswell asin theprescribedwind
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simulationsarequitepersistent.Theauthorsbelievethatmodelbiasessignificantlyinfluencethe

prediction errors. Thesebiasesare so dominant that throughwind-errors,they changethe

transportsof heatandmoistureinto theLBOX region. Whenwindsareprescribedfrom analysis

of observationsoutsidethechosenLBOX region,themodelproducesamuchbetterJJA drought

as comparedto Control, and it remainsalmostas good as the one in which winds and soil

moisture were prescribedeverywhere. This showsthat biases in circulation and advective

transportspropagateand stronglycontributeto thesimulationbiases. SCM simulationresearch

(Ghan et. al., 1999 and Xie et al., 2002) showssignificant model-physics-dependentbiases

amongtheparticipatingmodelsevenoverasinglegrid-cell; therefore,theauthorsconcludethat

the only meaningfulway to improvetheseGCMs is to first reducetheir biasesat the grid-cell

level. This would requireimprovementsin cloudphysics,cloudradiationinteractions,boundary-

layerprocesses,aswell astherestof theatmosphericcolumnphysics.Without suchaconcerted

effort in model improvement,simulating climatic eventswill continue to be a hit-or-miss

prediction. Consequently, its global change inferences will continue to be unreliable.

Furthermore,evenwhenthemodel realistically forecastsa climateevent,scientistswill ponder

abouttheright/wrongreasonfor theforecast,andthat in turn will hauntmodelersattemptingto

simulateglobalchangescenarios.

In the seriesof simulationattemptsreportedabove,the model is ableto predict thevery large

scalecirculationchangesasseenin the200hPastreamfunctiondifferencesof 1988minus 1987

JJA circulationsomewhatreasonablyoverNorthAmerica,which leadsto a somewhatmisplaced

Midwesterndroughtin 1988minus 1987rainfall. However,therestof thecirculationis not well

reproduced.Presumably,soil moisture,which hasa muchlongertime scale(butcanbe affected

by a singleweatherevent,whosecourseis largelyunpredictable),is modulatingthe ensuing

circulation. Even when the soil moisture is prescribed from GSWP analysis of
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hydrometeorologicaldata from analysis of observations for 1987 through 1988, the

evapotranspirationerrors remain large. This implies that the net radiation at the surfaceand

vertical temperatureandhumidity structuresthat aregovernedby thermodynamicsand vertical

column adjustmentphysics of the model are contributing to the biases. In fact, if cloud

distribution or cloud radiative feedbackare erroneous,net radiation at the surfacewould be

affectedand that will influencethe evapotranspirationandBowen ratio. It appearsthereare

significant modelingerrorsassociatedwith not beingable to simulatethe drought well, even

whenwindsandsoil moisturesareprescribedeverywhere.
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Figure Captions

Figure 1: Meteorologicalaspectsof the North American drought of 1988. Figure adapted
from NCEP/NWS.

Figure 2:1988-1987 June/July/August (JJA) Sea Level Pressure (in rob) and surface to 800

hPa averaged wind vectors (in m sec -1) from the GEOS 1 Reanalysis.

Figure 3: NDVI anomaly for August 1988 over North America from: a) data gathered

with NOAA's Advanced Very High Resolution Radiometer (AVHRR); and b) data from the

ISLSCP Initiative I Dataset at 1 degree global resolution.

Figure 4: Typical North American pattern during the summer months associated with a

cold event in the eastern Pacific (La Nifia). Figure adapted from COAPS/Florida State

University.

Figure 5:1988-1987 June/July/August (JJA) Surface Air Temperature (in K) from the

GEOS 1 Reanalysis. The region inside the rectangle over North America from 23-61 North

and 129-66 West is allowed to freely vary as described in the LBOX experiment.

Figure 6a: 1988-1987 June/July/August (JJA) 200 hPa streamfunction (in 101° kg sec -1)

from: top) Case C1 CTRL; and bottom) GEOS 1 Reanalysis.

Figure 6b: Same as Figure 6a, only for 500 hPa streamfunction.

Figure 7a: 1988-1987 June/July/August (JJA) precipitation (in mm day -1) from: top) Case

C1 CTRL; and bottom) GPCP Version 2.

Figure 7b: 1988-1987 June/July/August (JJA) Sea Level Pressure (in mb) and surface to

800 hPa averaged wind vectors (in m sec -1) from: top) Case C1 CTRL; and bottom) GEOS

1 Reanalysis.

Figure 7c: 1988-1987 June/July/August (JJA) evaporation (in mm day -1) from: top) Case

C1 CTRL; and bottom) GSWP offline.

Figure 7d: Same as Figure 7b, only for surface air temperature (in K).

Figure 8: Same as Figure 7, only for Case C2 WIND.

Figure 9: Same as Figure 7, only for Case C3 SOIL.

Figure 10: Same as Figure 7, only for Case C4 BOTH.

Figure 11: Same as Figure 7, only for Case C5 LBOX.
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Source: COAPS/Florida State Univ.
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